Micro-Channel Plate (MCP) detectors can su®er from a form of degradation known as gain sag in regions with signi¯cant°uence. We have developed a method to recover the total Lyman-Alpha (Ly-) emission line (121.6 nm)°ux for the Lyman-Alpha Mapping Project (LAMP) UV imaging spectrograph onboard of the Lunar Reconnaissance Orbiter (LRO), where gain sag issues are important. The constant ratio between the Ly-emission line and its ghost image at shorter wavelengths allows for a useful correction factor for the true°ux at the Ly-region of the detector. A similar method could be used in other spectrographs whenever a ghost image of su±cient brightness is present.
Introduction
The Lyman-Alpha Mapping Project (LAMP) is an imaging spectrograph with a wavelength range of 57.5-196.5 nm. It is aboard the Lunar Reconnaissance Orbiter (LRO), a spacecraft launched in 2009 to study the Moon from an advantageous polar orbit (Chin et al., 2007) . The acronym of LAMP illustrates the purpose of the instrument itself: to map the Permanently Shaded Regions (PSRs) of the Moon exploiting the light from both the interplanetary medium, which glows very brightly at the Lyman-alpha (Ly-) wavelength (121.6 nm), and UV-bright stars, which, in the PSRs, are the dominant source of light longwards of Ly- (Gladstone et al., 2012) .
The LAMP instrument and micro-channel plate
LAMP is composed of a telescope and a Rowlandcircle spectrograph (Fig. 1) . Light enters through a 40 Â 40 mm 2 aperture, then is collected and focused by an o®-axis paraboloidal (OAP) primary mirror onto a slit. Light entering the slit is dispersed by a toroidal holographic di®raction grating onto a microchannel plate (MCP) detector with a doubledelay-line (DDL) anode (Fig. 2) . This 2D detector has 1024 Â 32 pixels, of which 774 Â 30 actively detect photons. The front surface of the MCP is coated with a CsI solar-blind photocathode, while the cylindrically curved MCP-stack matches the Rowland circle to provide good spectral focus. An aperture door closes when the instrument is pointed at bright targets such as the lunar dayside and UVbright stars, letting in light only through a pinhole whose area is $1/736 that of the door open. On October 5, 2016 a failsafe door was permanently opened, increasing the night time throughput by 10% and the daytime throughput by $80 times, changing the instrument (Davis et al., 2012) . The correction explained in this paper applies to spectra taken before that date. For further technical and scienti¯c details, see (Gladstone et al., 2010) .
Incoming photons strike the CsI-coated top plate of the MCP, and are converted to photoelectrons with a quantum e±ciency of $40% at Ly-. These photoelectrons are accelerated by a high voltage (approximately 5 kV) to the back surface of the MCP and, while traveling, hit the microchannels' walls, initiating a cascade of electrons. A cloud of electrons ($ 10 7 for each photon) is emitted from the back side of the MCP for each event, which is detected by the DDL anode, which measures the amplitude of the cloud charge, or \pulse height", and its x and y position on the detector. These recorded photon events are interspersed with timing events, hacks, which are inserted into the photon list at $0.004 s time intervals.
1.2. Lyman-alpha gain sag e®ect MCP detectors are the evolution of photomultiplier tubes introduced by astronomy in the late 1940's and early 1950's. These detectors are often the preferred choice, compared to CCDs, for spectroscopy in the far-ultraviolet, due to their fast readout time, high sensitivity, low read noise, and solarblind properties. However, one downside of MCPs window. This window is mounted within a spring-loaded door which was released after launch and degassing had occurred. produced until recently is that the total number of electrons produced in the electron cascade is¯nite. After a critical threshold (total number of impinging photons) is reached, there are no longer enough electrons remaining in the bottom plate of the MCP stack to produce enough charge multiplication to cross the threshold of a detected event, thus leaving the detector e®ectively blind at that spatial position. At far-ultraviolet wavelength, the region around the Ly-line (121.6 nm) is often the¯rst to lose sensitivity, since it is the strongest within the ultraviolet spectrum of Solar System objects and is observed over 4 steradians (i.e. even when looking into empty space, since interstellar H atoms passing through the solar system scatter the Sun's Lyemissions into every direction).
The Ly-gain sag issue has a®ected MCP detectors on several other instruments, such as the Far Ultraviolet Spectroscopic Explorer (Sahnow et al., 2004) and the Cosmic Origins Spectrograph (COS) of Hubble Space Telescope (Sahnow et al., 2011) . In the latter case, the problem was temporarily¯xed by tilting the grating so that the spectra would fall in another, more pristine, region of the detector (Oliveira et al., 2012; Osten et al., 2013) . This¯x unfortunately is only temporary, as the gain sag will appear again in the new position. In fact, the position of the science spectra in COS has already been moved thrice (Fox et al., 2018) , to the point that this¯x cannot be further performed without other signi¯cant changes (Rafelsky et al., 2018) .
For LAMP, the problem¯rst manifested itself due to several o®-limb pointings performed to observe UV-bright stars and the sky for both calibration and lunar exosphere science (Stern et al., 2012; Feldman et al., 2012; Grava et al., 2016) . During these sky scans the aperture door was kept open, resulting in much higher°ux of Ly-photons compared to nominal, nadir, observations of the nighttime lunar surface. Figure 3 shows LAMP's total charge depletion at Ly-over time. The critical threshold for LAMP of 0.02 C cm À2 , where gain sag issues typically become a problem for instrument sensitivity, was reached 2 Á 10 7 s after the beginning of data acquisition, or less than one year from the beginning of the science phase (September 2009).
The extent of the sensitivity loss can be seen in Fig. 4 , which shows two 2D spectra of the lunar nightside taken with LAMP at the beginning of the mission and after $7 years of continuous operations. The loss of sensitivity is clear in the Ly-region (121.6 nm).
Since LAMP does not have a movable grating, we tried to recoup the sensitivity in two ways. First, on August 15, 2010, we changed the lower-level threshold above which the incoming pulses have high enough amplitude to be recorded. The new threshold resulted in higher data noise with no improvement in signal, so the threshold was increased back to the original level on May 31, 2011. On the same day in 2011, we raised the high voltage (HV) from À4:7 to À5:0 kV to improve detector gain.
Spatial and spectral extent of the
Lyman-alpha ghost Figure 5 shows a 2D spectral image of LAMP taken during one of the Lunar Horizon Glow (LHG) observations. These observations were aimed to detect the faint brightness supposedly coming from forward scattering of nanoparticles in the lunar exosphere when the Sun is just below the horizon. In these observations $2/3 of LAMP slit was pointed at the sky, while the remaining $1/3 looked at the Moon. This is apparent in the 2D spectral image: the upper $2/3 of the slit looks at the sky and has much brighter Ly-than the bottom $1/3. Other features can be seen, like a crescent-shaped optical ghost at $75 nm and the emission line of helium at 58.4 nm at the very edge of the detector (left side). This helium emission line, as well as the much brighter Ly-ghost at $100 nm, are only visible in the portion of the slit that was looking at the sky. The Ly-ghost is caused by Ly-light re°ecting o® the front surface of the MCP detector back to the grating, and then re°ecting in zero-order from the grating back to the detector. The crescent-shaped ghost at $75 nm has a similar explanation, except that the light is initially scattered o® the detector housing's zero-order-target instead of the MCP glass. The key feature of this¯gure is that the Lyand its ghost are spatially inverted: the top $2/3 of the slit, i.e. the portion that looked at the sky, has the brightest Ly-. The corresponding ghost occupies the bottom $2/3 of the slit. So, the row number 5, 6 or 25 has a corresponding ghost in the row number 25, 24 or 5, respectively, being a mirror image. Concerning the spectral extent of the Lyghost, Fig. 6 shows the spectrum of a row of interest and the spectrum of the row with the corresponding ghost. The spectra have been binned to 2 nm resolution with the Ly-region de¯ned between 115.57 and 125.57 nm, corresponding to four 2 nm-large bins. Figure 6 shows that the ghost is also con¯ned within four bins, or from 93.57 to 101.57 nm. The two features have comparable spectral extension. Figure 7 shows the total counts of Ly-(between 115.57 and 125.57 nm) at a given row and its ghost (between 93.57 to 101.57 nm) at the corresponding row as a function of day elapsed from a day, September 30, 2009, shortly after the beginning of the science phase of the mission. Counts are here de¯ned as the total integrated counts from all the illuminated portion of the MCP, corresponding to 21 rows, from row #5 to row #25 (the¯rst four rows and the last seven rows are not illuminated and are used to estimate the dark noise of the detector). Figure 7 also shows the temperature of the instrument's detector housing, referenced to the right y axis. The counts of Ly-and the ghost depend on the temperature of LAMP: when the temperature is higher, there are fewer counts. This is because the resistance of the MCPs increases with temperature, resulting in lower gain at a given input voltage. This lower gain reduces the amplitude of the pulses such that more fall below the lower-level discriminator, resulting in detection of fewer counts.
Method
The idea is to exploit the fact that the Ly-ghost is not a®ected by gain sag, because the total extracted charge at the detector location where its image occurs is two orders of magnitude lower than that of the primary signal. We assume that the ratio between the Ly-at a given row and its ghost, at the corresponding row, is constant. This assumption is reasonable, as shown to be the case in Fig. 8 : whereas, the Ly-°ux exhibits a marked decline, the ghost only shows the predicted trend with the detector housing temperature.
This approach does not allow us to recover the shape of the Ly-line. However, it is possible to recover the total area underneath that curve: the Ly-°ux. Such value is what is used in our LAMP higher-order data pipelines to derive albedo maps of the lunar surface at Ly-. Figures 9-24 show the total Ly-signal, its ghost, and their ratio for individual days within individual years. The Fig. 7 . Hereafter, the detector housing temperature is shown in red (right y-axis). correction stops at October 5, 2016, when the failsafe door was permanently opened to increase signal-to-noise ratio. Calibration of¯les after that date is currently under development and includes a new row-by-row correction of the wavelength solution for the new instrument con¯guration.
We generate daily \grand sums" by integrating all the light from nadir pointing observations of the nightside from a given day. Each orbit of LRO is $2-h long, so in one day we integrate over $12¯les. We discard data from the dayside to avoid contamination from the solar Lyman-beta emission line, which would swamp the signal from the ghost. And we discard data o®-nadir to avoid pointings on the sky. For each day, we compute the ratio between the ghost and the Ly-and we scale it to the value of a reference day, October 20, 2009. We chose this day as representative of a pristine status of the detector. This way we create a twodimensional array of correction factors. One dimension represents the row of the detector, while the other dimension represents the day that we want to correct. Figure 25 shows the correction factor for each detector row with time. As expected, the correction factor increases with time, due to the decreasing sensitivity at the main Ly-line while the sensitivity to the ghost remains relatively constant. The correction factor is row-dependent. Notably, several observations were taken at the beginning of the mission that had the slit halfway on the sky (much brighter than the lunar surface at Ly-). The orientation of the slit during those observations (Fig. 5) were coincidentally such that the same portion of the slit was pointed at the sky, resulting in a greater gain sag at the pixels that were looking at the sky. This e®ect eventually becomes less pronounced as the overall gain sag increases in magnitude.
Results
The next two¯gures show the Ly-total counts per day as a function of detector row without (Fig. 26) and with (Fig. 27) correction. The retrieved total°ux around Ly-shows good agreement with repeating monthly variations in interplanetary medium Ly-sky illumination. Based on the total counts for Ly-and its ghost, we estimate the precision of this correction method for a given day to be at most 3%.
Conclusions
We have devised a way to retrieve the total°ux of the LAMP detector at Ly-, a®ected by gain sag, by exploiting the corresponding ghost. This method worked well for our purpose, which was to derive albedo of the lunar surface with a coarse spectral resolution (i.e. integrating over 2 nm wavelength bins). This correction solution will be delivered to the NASA's Planetary Data System (PDS) archive. The method explained here can be used to correct gain sag in other spectrographs whenever a ghost is present for reference.
